We demonstrate an amplitude-based bending/displacement sensor that uses a plastic photonic bandgap Bragg fiber with one end coated with a silver layer. The reflection intensity of the Bragg fiber is characterized in response to different displacements (or bending curvatures). We note that the Bragg reflector of the fiber acts as an efficient mode stripper for the wavelengths near the edge of the fiber bandgap, which makes the sensor extremely sensitive to bending or displacements at these wavelengths. Besides, by comparison of the Bragg fiber sensor to a sensor based on a standard multimode fiber with similar outer diameter and length, we find that the Bragg fiber sensor is more sensitive to bending due to the presence of a mode stripper in the form of a multilayer reflector. Experimental results show that the minimum detection limit of the Bragg fiber sensor can be as small as 3 μm for displacement sensing.
Introduction
Fiber-optic bending/displacement sensors have been extensively used in various scientific and industrial fields. Recently, several research groups have demonstrated using optical-fiber bending sensors for bioand medical sensing applications. For example, the SENSORICA group [1] has used their fiber bending sensors to detect the contraction of a small bundle of cardiac muscle cells. Mitachi et al. [2] have integrated a fiber bending sensor into a bed sheet to monitor human respiration during sleep. Besides, fiber bending/displacement sensors may operate as fiber cantilevers that are used for sensing force (weight) [3] , liquid velocity and viscosity [4] [5] [6] , vibration [6] , and acceleration [7] . Many fiber bending sensors are also devoted to the R&D of robots [8, 9] . Thanks to the flexibility and small size of fiber threads, the fiber bending sensors can be easily integrated with robot electro-mechanic modules and directly measure movements of a robot. Other areas where fiber bending sensors can find their applications include geological studies, structural health monitoring of architectures, and the car industry, to name a few.
According to their sensing mechanisms, fiber-optic bending sensors are generally categorized into two classes: intensity-based sensors and spectral-based sensors. Intensity-based sensors use either singlemode or multimode fibers; transmitted intensity through such fibers is then characterized as a function of the bending curvature [10, 11] . Among the advantages of this type of bending sensors are low cost, ease of fabrication, and simple signal acquisition and processing since no spectral manipulations are required. However, the detection accuracy of the amplitude-based sensors is prone to errors due to intensity fluctuations of the light source and temperature drift. Moreover, in order to increase sensor sensitivity, it is preferable to strip as much as possible the cladding modes, which are excited by the bend. This is typically accomplished by coating the fiber cladding with an absorbing layer or by decorating the fiber cladding with scatterers such as scratches [10] .
Spectral-based fiber-optic bending sensors can be implemented using fiber gratings that include both fiber Bragg gratings (FBGs) [12] [13] [14] and long-period gratings [15, 16] . Bending of fiber gratings changes the pitch and refractive index (due to the photoelastic effect) of the gratings, thus shifting the resonant wavelengths. Compared to intensity-based sensors, fiber-grating bending sensors are generally more sensitive, and they allow multiplexing sensing of a number of other measurands such as temperature, strain, and refractive index [16] . The typical bending sensitivity of fiber-grating sensors is ∼1-20 nm∕m −1 [13] [14] [15] [16] . Note that fiber-grating bending sensors normally require expensive characterization equipment such as spectrometers, while the bending resolution of fiber-grating-based sensors is limited by the spectrometer resolution.
The spectral-based sensing modality is also utilized by many in-line optical-fiber bending/displacement sensors that employ interferometric structures. In these sensors, the guided light is split into different components propagating along different (in-fiber) paths, or the guided light is coupled into different modes. Then the recombination of these components (or modes) would generate interference that is susceptible to bending of the fiber. By interrogating the shift of the interference fringes in the transmission spectrum, one can quantify fiber bending. Various fabrication techniques for the in-line fiber-optic interferometric sensors have been proposed. These include splicing a multimode fiber or photonic crystal fiber between two single-mode fibers [17] [18] [19] , cascading two fiber tapers [20] , splicing a photonic crystal fiber between two long-period gratings [21] , and using multicore fibers [22, 23] . The bending sensitivity of the in-line fiber-optic sensors can be as high as ∼36 nm∕m −1 [21] . We note that the resolution of these spectral-based in-line fiber sensors is frequently limited by the resolution of a spectrometer used in those setups. Some of the in-line fiber bending sensors may operate using intensity-based interrogation [4] ; thus they are exempt from the use of costly spectral acquisition devices. However, most of the in-line optical-fiber sensors use complicated nonhomogeneous fiber-based structures that require significant fiber processing such as splicing, polishing, and microstructure machining.
In this paper, we demonstrate an amplitude-based fiber bending/displacement sensor that uses uniform plastic photonic bandgap Bragg fiber with one end coated with a silver layer. This type of fiber features a relatively low-loss plastic core surrounded by a multilayer dielectric reflector. This Bragg reflector is an efficient mode stripper for the wavelengths outside of the fiber bandgap. In fact, outside of the fiber bandgap, the core guided light penetrates strongly into the multilayer reflector region, which acts as a strong scatterer due to imperfections on the multilayer interfaces. Therefore, by interrogating the fiber at the wavelengths near the bandgap edge, high sensitivities to bending can be achieved. For comparison, we a test bending sensor based on a regular multimode fiber of similar outside diameter and length. We find that the Bragg-fiber-based sensor is more sensitive to bending as compared to sensors based on regular multimode fibers due to the presence of an efficient mode stripper in the form of a multilayer reflector. Besides, we show that the Bragg fiber bending sensor can be packaged into a compact sensor module by adopting the "MOSQUITO" sensor configuration detailed in [24] .
In order to avoid confusion between FBGs and Bragg fibers, we note that in the FBGs, the grating is inscribed onto the fiber along the fiber length. This is done as a post-process after the fiber is fabricated. To inscribe the FBG, ultraviolet photolithography or femtosecond laser machining is generally utilized. This is an additional processing step that is used after fabrication of the optical fiber. As to the Bragg fiber used in our sensor, the Bragg reflector is distributed in the transverse direction of the fiber and is fabricated directly during the fiber drawing process [25] . By realizing a Bragg reflector directly during fiber fabrication, we avoid a costly postprocessing step of writing Bragg gratings into a traditional optical fiber. This is expected to significantly reduce the cost of the specialty optical fibers for bending sensing.
Besides, the Bragg fiber sensor in this work operates using a low-cost intensity-based detection strategy. At the edge of the photonic bandgap, the transverse Bragg reflector operates as an efficient mode stripper, which greatly improves the sensitivity of the optical fiber to bending. In contrast, the abovementioned FBG-based sensors and in-line fiber sensors normally operate using a costly spectral-based detection strategy that measures the shift of resonant wavelengths in response to the fiber bending. This requires using expensive optical spectrum analyzers, with the sensor sensitivity directly related to the resolution of the optical spectrum analyzer.
Experiments
The fiber used in this work is an all-polymer solidcore photonic bandgap Bragg fiber fabricated in our group [25] . In Fig. 1(a) , we show a typical example of a Bragg fiber that features a polymethyl methacrylate (PMMA) core surrounded by a Bragg reflector consisting of an alternating PMMA/polystyrene (PS) multilayer (refractive index: 1.49∕1.59). Such a multilayer is responsible for the appearance of a spectrally narrow transmission band (reflector bandgap) within which the light is strongly confined inside of the fiber core, with a minimal presence in the reflector region. For the wavelengths outside of the reflector bandgap, the light penetrates deeply into the multilayer region and suffers high propagation loss due to optical scattering on the imperfection of a multilayer. Experimentally, the typical propagation loss of a Bragg fiber is ∼10 dB∕m for the light inside the bandgap, and is ∼60 dB∕m for the light outside the bandgap. The position and width of the fiber bandgap are determined by the refractive indices of the fiber core and Bragg reflector as well as by the thicknesses of the individual layers in the Bragg reflector [26] . Additionally, one end of a Bragg fiber is wet-coated with a thin silver layer serving as a mirror [27] .
In our experiment we use a 4-cm-long Bragg fiber with core/cladding diameters of 240∕290 μm, featuring transmission losses at the bandgap center (∼470 nm) ∼20 dB∕m and numerical aperture (NA) ∼0.2-0.3 depending on the fiber length. At the bandgap edge (∼500 nm), losses increase significantly, and so does the NA of a fiber that can be >0.8 for short fiber pieces. For comparison, we use a commercial 4-cm-long multimode plastic fiber with core/cladding diameters of 240∕250 μm and NA ∼0.5 for long fiber pieces. We note that direct comparison of the NAs of the two fibers is challenging (if not impossible), as the experimentally measured NA of short fiber pieces can be significantly different from that of the longer ones. Experimental measurements of NA of short fiber pieces are sensitive to the coupling conditions, as well as to the details of the intermodal scattering along the fiber length. This is further complicated by the observation that the NA of a Bragg fiber is highly sensitive to the operation frequency and can change from 0.2 at the bandgap center to more than 0.8 at the bandgap edge even for relatively long 20-30-cm-long fiber pieces. Therefore, for comparison, in our studies we have decided to use two different fiber types of the same core diameter and the same length, instead of fibers with the same NA, as would probably be more reasonable.
A schematic of the Bragg fiber bending sensor is presented in Fig. 1(b) . The light from a supercontinuum source first passes through a beam splitter and is then coupled into the fiber by an objective. The light coupled into the fiber travels back and forth as it is reflected back by the silver mirror at the fiber end. The reflected light passes through an objective, and it is finally redirected by the beam splitter into a spectrometer for analysis. We note that a supercontinuum source and a grating-based spectrometer are only required to study the dependence of the bending sensor sensitivity on the wavelength of operation. Normally, they should be replaced with a laser diode and a power detector. Finally, a glass plate fixed on the nanopositioning stage is used to displace the fiber with increments of 50 μm to provide precisely measured displacements. The glass plate is positioned ∼4 mm from the V groove.
In Fig. 2 , we show a typical micrograph of a bent Bragg fiber. In order to extract the bend curvature, the fiber shape is fitted with a circular arc (3-point fitting). For larger displacements, the fiber shape starts to deviate from a simple circular arc, and consequently, error in the determination of the curvature increases with displacement. To estimate the error of the circular arc fitting, we perform a series of 3-point fittings by choosing different sets of fitting points on the fiber, and then find the maximum and minimum of the bending curvatures obtained. The reflection spectra of the Bragg fiber and the regular multimode fiber are presented in Fig. 3 for various values of the curvature.
From Fig. 3 , it is clear that for both fibers, the intensity of the reflected light decreases strongly even for relatively large values of the bending radii, 2-10 cm. For the Bragg fiber, the bandgap center (the frequency of maximal transmission) remains fixed at ∼470 nm, while the bandgap extends from 460 to 520 nm.
Discussion of Bending/Displacement Sensitivity
From the results shown in Fig. 3 , we can now find the frequency dependence of the amplitude sensitivity of the two bending sensors. Thus, in Figs. 4(a) and 4(b) , we plot the relative intensity difference (ΔI∕I) caused by a 50 μm displacement and a 200 μm displacement of the fiber tip. We note that the amplitude sensitivity of the regular multimode fiber sensor is approximately constant in the whole spectral range, while the amplitude sensitivity of the Bragg fiber increases significantly when operating in the vicinity of a bandgap edge. In fact, at the edge or outside of the reflector bandgap, the Bragg-fiber-based sensor becomes more sensitive than the regular multimodefiber-based sensor.
As explained earlier, in the vicinity of a reflector bandgap, the multilayer reflector of the Bragg fiber acts as an efficient mode stripper that allows scattering of the higher-order cladding modes excited by the bend. Unfortunately, we also have to note that in the bandgap vicinity, the propagation loss of the Bragg fibers becomes high, which leads to a significant signal-to-noise degradation for wavelength longer than 550 nm [see Figs. 4(a) and 4(b) ]. Therefore, when choosing the optimal sensing wavelength at the bandgap edge, one faces a trade-off between the enhanced sensitivity and decreased signal-to-noise ratio. Besides, comparison between Figs. 4(a) and 4(b) also suggests that the Bragg fiber sensor becomes more sensitive than the regular multimode fiber sensor, regardless of the operation wavelength, when dealing with larger displacements. Thus, in Fig. 4(c) , we present the relative change in the total transmitted intensity through the fiber as a function of the fiber displacement. Particularly, when the fiber tip is displaced by d, the relative change in the total fiber intensity δ is defined as
where Iλ; 0 refers to the wavelength-sensitive output intensity of the fiber with no bending, Iλ; d is the output intensity of the fiber displaced by d, and λ is the wavelength. From Fig. 4(c) , it is apparent that when the displacement of the fiber is larger than 150 μm, the Bragg fiber sensor becomes more sensitive than the multimode fiber sensor. In order to estimate amplitude sensitivity S of the Bragg-fiber-based sensor, we use the following definition: Sλ ∂Iλ; σ∕∂σj σ0 ∕Iλ; 0, where σ can be either the displacement or the curvature of a fiber [28] . From the data in Fig. 4 , we estimate that the sensitivity of the Bragg-fiber-based sensor at the bandgap edge (550 nm) is ∼18.4 1∕mm −1 for bending curvature sensing and is ∼3.3 mm −1 for displacement sensing, while the corresponding sensitivities of the multimode fiber are ∼15.5 1∕mm −1 and ∼2.8 mm −1 , respectively. The sensitivity of the Bragg-fiber-based bending sensor becomes significantly larger than that of standard multimode fibers when operating at longer wavelengths (550-600 nm), or for stronger displacements of the fiber tip (>100 μm). Assuming that 1% change in the amplitude of reflected light can be detected reliably, the bending and displacement detection limits of the Bragg fiber sensor are ∼5 × 10 −4 (1∕mm) and ∼3 μm, respectively. Currently, we are working with the SENSORICA group to integrate Bragg fibers into their "MOSQUITO" bending sensor platform [24] . In this configuration, the Bragg fiber is integrated with a small LED source, a micro-beam splitter, and a micro-photodiode detector, to result in a highly compact bending sensor.
Finally, we would like to discuss how thermal variations would affect the performance of the Bragg fiber bending sensor. We first note that as the glass transition temperature (T g ) of PS and PMMA is in the range of 75°C-110°C [29, 30] , the Bragg fiber sensor cannot be used in high-temperature environments. Below T g , an increase in temperature would lead to both thermal expansion and refractive-index changes of fiber materials, thus resulting in spectral shifts and shape change of the Bragg fiber bandgap. In order to evaluate the effects of temperature change on the fiber transmission spectrum, we, therefore, perform a transfer matrix method (TMM)-based simulation [31] to calculate the normalized transmission spectra of the fundamental HE 11 mode in an 8-cm-long Bragg fiber. The temperaturedependent refractive index of PMMA and PS can be found in [29, 30] . The linear thermal-expansion coefficient is 7 × 10 −5 m∕m ·°C for PMMA [32] and 9 × 10 −5 m∕m ·°C for PS [33] . The thicknesses of individual layers in the Bragg reflector, measured from the microscopic graphs, are 240 nm for PMMA and 270 nm for PS. The absorption coefficients of the fiber materials are measured experimentally. The simulated transmission spectra of the Bragg fiber at different temperatures are shown in Fig. 5(a) . For simplicity, we only show results for the fundamental HE 11 mode of a fiber into which most of the power (>90%) is coupled at the fiber input end. Figure 5 (a) suggests that the Bragg fiber bandgap shows a red shift as the temperature increases. In Fig. 5(b) , we observe that this spectral shift has a linear dependence on the surrounding temperature and that a 1°C increment in temperature would shift the bandgap position by ∼22 pm. We note that in the middle of a bandgap, the effect of the temperature fluctuations on the transmission amplitude is minimal. Thus, in the whole 25-70°C range, the intensity change at the bandgap center is less than 1%. However, intensity variations at the bandgap edge can be more pronounced. From our simulations, we estimate the amplitude sensitivity to temperature variations to be ∼1 × 10 −4 ∕°C at the bandgap center, and ∼2.0 × 10 −3 ∕°C at the bandgap edge (around 500 nm). To put these numbers into a perspective, while operating at the bandgap edge (in order to increase the sensor sensitivity), the sensor stability range of temperatures is estimated to be 5°C, which would guarantee power fluctuations less than 1%.
Conclusions
In conclusion, we demonstrate a bending/displacement fiber-optic sensor based on the all-polymer photonic bandgap Bragg fibers. We find that when operated at the edge of a fiber bandgap, the Bragg-fiber-based sensor is more sensitive to bending as compared to the sensor that uses a regular multimode fiber of comparable diameter. The sensitivity of the Bragg-fiber-based bending sensor can become significantly larger than that of a standard multimode-fiber-based sensor when operating at a wavelength outside of the bandgap, or for stronger displacements of the fiber tip (>100 μm). This is due to action of an efficient mode stripper in the form of a multilayer reflector that is present in the Bragg fiber. Displacements as small as 3 μm and bending radii as large as 1 m can be detected with the Bragg-fiber-based sensor. Finally, we also study how temperature variations would affect the performance of the Bragg-fiber-based bending sensor and estimate that temperature variations of 5°C result in power variation of 1%, which has to be taken into account when operating at the limit of sensor sensitivity.
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